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ABSTRACT 


No work has been reported, on the mode identification 
of three-phase converter fed d'.cV seperately excited motor 
and so accurate analysis was not possible'* In this thesis 
the modes of operation have been identified and the drive 
has been analysed. The speed-torque characteristic and the 
armature current ripple have been computed'.' These results 
can be directly used for any motor as they Isve been plotted 
with normalised variables. ' The power-factor, distortion- 
factor and different harmonic contents in the source current 
have also been computed'.' These have been found for a 
particxilar motor, but the same approach can be eisctended for 
any motor", 

A method for the calculation of filter inciictance is 
presented, v^ich eliminates discontinuous condiction and 
keeps the ripple within permissible limits',' 



Cit^TER I 


lOTRODUCTION 

Convert cr-fGcl dc drives find v/ide application in 
the industry'. For small drives the single phase converter 
is used and for medium and large drives the three-phase 
converter is used. The present thesis deals with the mode 
identification and accurate analysis of the three-phase 
converter-fed dc separately excited motor.' 

1.1 MODS identification 

The converter-fed dc separately excited motor could 

experience discontinuous conduction at light loads and 

high speeds. Mehta and Muhhopadhyay [l] have described 

various modes of operation of single-phase converter-fed 

dc separately excited motor. Subbaiah and Palanichamy [ 2 ] 

under 

have described an additional mode of operation/regeneration'. 
However^ various modes of operation of three-phase converter 
fed dc drive have not been identified and therefore accurate 
methods of analysis are not available. 

In this thesis the various modes of operation have 
been identified for three-phase full and half controlled 
converter-fed dc separately excited motor. The description 
of the various modes of operation for three-phase converter- 
fed drives is given in Chapter III. 


1 
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1*2 analysis PERF0RI4--iNCE 

'Nith the help of the various inodes of opera±on 

which have locen identified^ the drive has teen analysed 

over the full operating region'. The performance equation 

pertaining to the different modes of operation have been 

derived .With the help of these equations the speed— torque 

characteristic haa&been derived amlytically for the dc 

seperately excited motor and the maximum ripple factor 

has been found for the armature current.,' The power- 

factor^ distortion factor and the hamnonic contents have 

been found for the source current,' The speed-torque and 

the maximum ripple factor curves have been plotted on 

normalised axes so that they can be used to got the speed 

torque variation and the rreximum ripple factor for any dc 

seperately excited motor. The power-factor/ distortion 

factor and the harmonic contents in the source current 

Id 

have been found for a particular motor and j^phase-angle , 
The same approach can be easily extended for any other 
phase angle value'. 

The various performance curves have been shewn in 


Chapter III. 

1,3 CHOICE OF FILTER n'JDUCTANCS 

For a converter-fed dc drive, the armature current 
could be continuous or discontinuous . This current is 
not constant but has an ac ripple superimposed on a dc 
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v^lue. The ac ripple and discontuous conduction increase 
the motor burden and losses /leading to derating of the 
motor and reducing its efficiency'. Also under disconti- 
nuous conduction the motor speed regulation is poorV So 
efforts have to be made to eliminate discontinous conduc- 

c 

tion and decrease the ripple content. 

Discontinuous conduction can be eliminated and ripple 
in armature current can be reduced either by increasing the 
pulse number or by introducing a filter inducttoce. Increa- 
sing the pulse number increases the cost manifold, Hhcrease 
in armature circuit inductance is not always desirable 
because addition of external inductance reduces the effi- 
ciency/ increases the cost/ weight/ size and noise and 
deteriorates the transient response of the motor. 

If an external inductance is absolutely necessary, 
its value should be just sufficient to eliminate dis- 
continuous conduction and keep the ac ripple within 
peanoissible limits. This will ensure that the adverse 
effects mentioned above are miniraal, 

Mehta and Mukhopadhyay [l] have described a method 
for calculating the minimum inductance to avoid dis- 
continuous conduction for a single phase converter-fed 
dc drive. Their method suffer from the disadvantages 
the armature resistance is neglected and 
the nature of the load speed-torque variation 


that 
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is not taken into accoionf.' Subbaiah and palanichamy [s] 
have extended this work to take into account the armature 
resistance but here again the load speed torque variation 
is not taken into account'* G'.KV Dubey [ 4 ] has described 
a method for calculating the critical value cf filter 
inductdnce for a dc separately excited motor fed by 
chopper'. This method has been extended by Anjenyulu [s] 
for the single-phase converter-fed dc separately excited 
motor'. In this thesis this method for the calculation 
of optimum value of inductance has been further extended 
for the three-phase converter— fed drive, which takes 
into account the nature of load speed-torque characteristics * 
’^Isnpgrams have 3oeen given in terms of normalised varialoles , 
These can be used to obtain an optimum value of filter in- 
dunctance for any three-phase converter-fed dc sejseratejLy 
excited motor'. 

The various modes of operation and the different 
performance curves have been verified experimentally for 
fully controlled operation. 



CH.'iPTSR II 


LITER;iTUKE SURVEY ON STE.-iDy-STATE ANALYSIS PERFORMANCE 

OF CONVERTER-FED DC SEPERATELY EXCITED MOTOR 

In -thyristor controlled converter-fed dc drives, the 
armature current hasv superimposed harmonic ripple". For 
a dc separately excited motor, vith low armature induc- 
tance, discontinous conduction could occur under light 
load conditions'," Thus broadly the modes of conduction 
can be classified to be either continuous or disconti- 
nuousV 

It was gere rally believed that in a converter, the 
thyristoiS; could not be triggered before the input voltage 
is greater than the back emf of the motor". However, Mehta 
and Mukhopadhyay [l] have shown that if armature current 
is present, the back emf does not appear across the 
thyristors to reverse bias them".' Thus if armature current 
is present, the thyristors could be triggered at any a 
greater than 0",' With this basic idea, they have redefined 
the modes of ope ration of single phase converter-fed dc 
drives, which are described below," 

Fig"." 2",1 shows a single phase converter feeding a 
separately excited motor With the free-wheeling diode 
in circuit, it will be capable of one-quadrant operation. 
It must be noted that in the absence of armature current, 
the back emf of the motor Spears across the converter 
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output terrninals and the performance of the motor depends 
upon the mode of operat ion'. The different modes of opera- 
tion are: 

Mode 1 (Fig, 2.2(a)) ; in this mode the current 
is discontinuous and the earliest instant, at vhich the 
thyristors could be triggered is when the injput voltage 
is equal to the back ernf . 

Mode 2 (Fig. 2.2(b)) ; In this mode also the current 
is discontinuous but the extinction angle J3 lies between 
a and T’, Since at a, armature current is present/ the 
back em£ of the motor does not appear across the thyris- 
tors/ vjhich take over conduction even when the input 
voltage is less than the back emf * From p to "/ dis- 
continuous condmetion occurs and assuming long gate 
pulses the thyristors start conducting again from -'J' 
and remains in conduction until (a + n) when the next 
thyristors are triggered. 

Mode 3 (Fig'. 2.'2(c)) : In this mode the current is 
continuous with a being greater than • 

Mode 4 (Fig'.~ 2.2(d)) ; In this mode the current is 
continuous with a being less than • As armature current 
is always present the thyristors v/ould take over conduc- 
tion when triggered.' 
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These modes hold good for e converter-fed dc 
drive under motoring conditions onlyV This vork has 
been further extended to the regenerative regicn by 
Subbi^h and Palanichamy [ 2 ],’ They have identified a 
mode which is described below',' it is assumed that the 
thyristors gates are given pulses of ix radians duration'.' 

Mode 5 (Fig',' 2'.'2(e)) : This mode was known even 
earlier for regeneration with a < (rr — y),' This current 
is present from a to /3 only,' 


Mode 6 (Fig',' 2 ','2 (f)) : In this mode discontinuous 
conduction occurs with a greater than (k - y)'. Here the 
gated thyristors vrauld conduct upto 3/ when the cxirrent 
falls to zero',' The zero current interval would continue 
till (2n - y) after which the same thyristors would again 
take over conduction till at (71 + y) the next thyristors 
are triggered'. 

Modes 1 to 4 hold good for full and half controlled 
converter-fed dc drives, whereas Modes 5 and 6 are valid 
for fully controlled converter',' 

With these new modes taken into account the operating 
diagram put forward by Dewan and Straughen [&] have been 
modified by the authors'. The new oparatLng diagram is shown 
in Fig'i' 2 ','3 (a)',' The region PQRTP has been modified with 
modes 2 and 4 and the region wcawi- has been modified with 


mode 6',' 
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In the operating diagram (Fig'.' 2 *3 (a)) the different 
modes are represented by the following regionsV For an 
example we shall take 0 (the load phase angle) to be 
*m* is the ratio of the back emf to the peak input voltage 
Region PQEFGJRMP represents discontinuous conduction 
Region MRJBFHITM represents continuous conduction!' 

(1) Region RQEJR represents mode 1 

(2) Region PQRMP represents Mode 2 along with the mode 

of conduction where a < 7 and conduction starts at T'! 

(3) Region TRJT represents Mode 3 

(4) Region MRTM represents Mode 4 

(5) Region JEGJ represents Mode 5 

(6) Region GEFG represents Mode 6 

(7) Region TJGFHIT represents continuous conduction under 
regeneration. 

Discontinuous conduction in the motor operation makes 
the steady state and transient response poor!' ' Moreover 
the speed regulation is poor aaad caronutation burden is 
increased'! Due to this the motor has to be derated'! 

To avoid discontinuous conduction in the armature current 
a reactor is usually inserted in the armature circuit! 

The choice of the reactor is an irnportant factor and 
has to be such that it will avoid 
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discontdLnudus conduction and also willnot adversely 
affect the transient response^' ,1-. ' ^ . Moreover 
largo inductance v/ould mean more cost, v.-ej^ht and losses',' 
Mehta and Muikhopadhyay have put forward a method 
for the calculation of minimira inductatie for ccrfcinuous 
conduction in single phase converter fed d-‘^Vdrive',' The 
method put forward by them incorporates all the modes of 
operation identified by them and is described below';' 

In calculation of the inductance value the armature 
resistance is neglected'*' 

The generalised voltage equation for the system shown 
in Fig','^ is: 

dia 

bE Sin wt = L i^ + E, (1) 

m a dt a a d 

b is 0, 1 or -1 depending upon instantaneous 

circuit condition',' 

case Xs a < I' 

(a) For one-quadrant drive the conditions for the 
generalised equation are; 

b = l r<wt<7T 

b = 0 TT^Wt^^CTI+CC) 

b = -l 7r + a<wt<(7T + T) 

Solving Equation 1 with the above conditions and neglect- 
ing we have 
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t, 

I = 
d 7IW. 


- [ JC COS 7 + r + (r - a) cos a + sin a] 

Xi 

tie . 


d 
2wL 


( 2 ) 


also for ccntinuous conduction: 


E 

"d ' n 


E = -?“ (1 + cos a) 


(3) 


Substituting (3) in (2) and after rearranging the terms 
we get 

L = K [2Tr cos 7 + 27 + 2 sin a - tt — (rr + 2a - 27)cos a] 

(4) 

whore K = inductance constant = E^/2Tr w 

(b) For two-quadrant drive we have 

b = l 7<wt<Tr + a 

b = -l Tr + a<wt<Tr+7 

Solving Equation (1) v/ith these conditions we get 

E 2 

^d ^ cos 7 + 2 sin a + 2(7 - c) cos a] - tt 

(5) 


and fot continuous conduction we have 
E 

E cos a 

d 7T 


( 6 ) 


Substituting (6) in (5) we get 

L = 2K[Tr cos 7 + 2 sin cx + (27 - 2a - rr) cos a] (7) 
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case II 4sc >xY' 

(a) For one-quadrant drive 

b = 1 a < wt < 71 

b = 0 K<\\rt<(7r4-a) 

out 

by carrying/the above operations we get 

L = K[2a + 2 sin a, + tt cos a - ti] (8) 

(b) For two quadrant drive 

b = l a<wt<7T + a 

Solving (1) and after the necessary operations we 

get 

L = 4K sin a (9) 

Subbiah and Palanichamy [s] have extended this method 
to the regeneration case incorporating the new modes 
identified by them. The minimum inductance required (in 
terms of K) as a function of triggering angle is plotted 
in Fig! 2 13(b) 7 With this plot we can find the inductance 
for a particular firing angle and a given average armature 
current! They have also suggested another method in T^ich 
the armature circuit resistance is taken into account! 

A graphical approach is taken ^ as analytical solution, 

is tedious! They have used the modified operating 
diagram shown in Fig! 2!3(a)! Thi^ method is described 


here! 
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Lot US consider the load phase angle to be 0 = 

For the trigger angle indicated by point x in Fig*’ 2','3(a), 

the ordinate XY is the normalised back anf at the limit 

of continuous conduction and XZ gives the normalised output 

voltage of the converter'.' Thus YZ gives the drop at 

the limit of continuous conduction. The drop is 

plotted against the firing angle a for different values 

of 0 as shown in Fig',' 2'.'3(c) * Here also knowing the 

average output ciorrent an3 the firing angle^the minimum 

0 can be chosen'.' Knov/ing the armature resistance and 

inductance / the extra filter inductance caibe calculated. 

load 

In both the methods the natiuce of the /speed-torque charac- 
teristic is not taken into account ',' 

G'.X. Dube5[4] has described a method by v/hich the 
filter inductance can be calculated for a chopper-fed 
dc drive',' The inductance value chosen^ is just sufficient 
to eliminate discontinuous conduction and keeps the ac 

ripple within jjermissible limits'. In this method the 
load 

nature of the ^peed— torque characteristic is taken into 
accoiont^ so that we get the minimum indutan<ae value over 
the whole operating rcnge of the drive'.' This will 
ensure that the losses in inductance / increase in cost/ 
weight/ size and noise will be minimal;' There will also 
be minimal deterioration in the transient response'.' 
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Anjonyulu [s] has GXtendGcl this approach for the 
singlG phase convertor fed. dc drive,' His method has 
the advantages listed above. Taking into account the 
different modes oif operation/ the performance equation 
is derived for each mode. Under critical conditions we 
have for: 

Case A: c: < 7 

i(v/t) 1 _ -Y = 0 as the initial condition 

and i(wt) ] . _ y - ^ as the final condition 

wt — 7T4‘< 

Incorporating these conditions along with appropriate 
values of b for different operating conditions in Equation 
(1) a solution is obtained under critical condition/ i'.e ./ 
the boundary between continuous and discontinuous conductioji, 
case B: a > 7 

i(wt) 1 _ . = 0 as the initial condition 

and i(wt)J =0 as tho final condition 

**Wt = 71 4* C* 

Again with these conditions/ expressions are derived 
under critical conditions, With the help cf these 
expressions?/ various boindary curves are plotted on a 
normalised speed-torque plane for different value cf 

The minimum speed torque curve of the motor is also 
plotted and the value of 0 which will avoid discontinuous 
conduction is found. For this value of 0 the ripple 
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factor is found,' If the ripple factor is within permi- 
ssit>lG limits then we choose this value c£ 0 otherwise 
we go in for a higher value. Knowing the armature 
resistance and inductance the extra filter inductence 
value can be calculated.' 








C-O^^ 



^A O 6-^ ^ 

^ & t-OXK^ i* 

CJO VX-i^wV^- C— V^ OVk tKH H 

e<<.^ 





t>AockiC. ^ 

C_0\K.V\ V^U-D vx s 
c o \xdk.x*.c_W ©VA 
v«ovt\x ooy* 



2 



'ajAWa •*< > 











RG. 2.3(c) 


CH.-iPTER III 


MODE IDEI-JIIFIG^TION, ANALYSIS AND PE RFC»M-'I'ICE 
OF THREE PH;-iSE CONVERTER-FED DRIVES 

MODS identification 

3.1 (a) Half Controlled Operation ' '» 

Mode_ls (Figures 3,2(a)^ 3,2 (b) and 3 ,2 (c)) Continuous 
Conduction s 

In this mode the current is continuous and the thyristors 
can be triggered at any angle as the back emf will not appear 
as a reverse bias across the thyristors',' 

In Fig, 3, 2 (a) the thyristors are triggered at an 
angle less than the angle at which the instantaneous input 
voltage is equal to the motor back emf (i.e',' Y)',' V>nien a 
thyristor Tl is triggered at (a + it takes over conduc- 

tion from T5 and the devices v/hich conduct are Tland D6 . 

As the input voltage is less than the back emf, the current 
decreases till a little after (T + 7t/3) (the current decreases 
till the i R drop plus the back emf become equal to the 
input voltage). Thereafter the current increases till a little 
before (2n/3-7) as the input voltage is greater than the 
back emf . After this instant the current decreases till at 
2.Tr/3 diode D2 takes over conduction from D6 and the devices 
which conduct are Tl and D2V The current further decreases 
till a little after (271/3+7), increases henceforth till a 
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little before then decreases again till at (tt+T) 

the next thyristor i,eV, T3 is triggered^ which then takes 
over conduction from Tl and the cycle repeats. 

In Fig,' 3,‘2(b)y the thyristors are triggered at an 
angle greater than ^ ^ but less than Tr/3 ', Due to 

this no free wheeling takes place', IJhen at (c + 7t/3) 
thyristor Tl is triggered it takes over conduction from 
t 5 and the devices v;hich conduct are Tl and D6'. As the 
input voltage is greater than the back emf ^ the current 
increases till at 27 t/ 3^ diode D2 takes over conduction from 
D6'2 The devices v/hich conduct are Tl and D2,' As the input 
voltage is still greater than the back emf, the current further 
increases till a little before the input voltage equals the 
back ernf. The current henceforth decreases till at (cc+'R’) 
the thyristor T3 takes over conduction and the cycle repeats'. 

In Fig',' 3,'2(c), the firing angle is greater than Tr/3 and 
free wheeling takes place after wt = 4 tt/ 3', I-Then at wt = (a+7T/3) 
Tl is triggered, it takes over conduction from T5',' The devices 
which conduct are Tl and D2, The current rises till about 
(47t/3 — T) and starts decreasing thereafter. At wt = 47r/3, 
diode D4 takes over conduction from D2 and free-wheeling starts . 
The free-wheeling period prevails till the next thyristor T3 
is triggered at wt = (c + rr)',' 
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Mode 2 : (Figures 3V2(d), 3‘,'2(e)) 

Discontinuous conduction wth a < 7.' 
li this mode^ current reaches zero value between c 
and TV At wt = a + 7 t/ 3, when T1 istriggered, it takes over 
conduction from T5 as armature current is present in the 

But as the input voltage is less than the back emf 
the current decreases till it reaches a zero value. The zero 
current interval prevails till wt = T + 7t/3 where due to 
presence of long pulses Tl starts conducting again along 
with D6'* The current increases till about wt = (2Tr/3 — T) . 
The current decreases thereafter and at wt = 2Tr/3^ diode D2 
takes over conduction from D6V The current still decreases 
till wt = (X + 2n/3)'. The current then increases till about 
wt = in - y)f decreases thereafter till at (a + tt) when 
T3 is triggered to take over conduction fron Tl and the 
cycle repeats'. 

Mode 3; (Fig'i' 3'.'2 (f ) )Discontinuous conduction ^ith 
y < a < n/3 

In this mode/ discontinuous conduction occurs with a 
less than n/3 but greater than T. At wt = ct + n/3f if Tb 
is triggs-red it starts conducting along with diode D6. The 
Q^j^rent increases till wt = 2lf/3 where D2 takes over conduc— 
tionV If T > 0 the current iises till about rr T/ and 
decreases till wt = 271/3, where D2 takes ever conduction 
from D6'2 The current increases or decreases from this 
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instant onv/ards depending upon whether the input voltage 

is greater than or less than the back emf.' If T > O the 

current decreases till about wt = (T + 27 t/ 3 ) and increases 

thereafter till v/t = (47t/3 - r)V If however / 7 < 0 the 

current further increases from vft = 27r/3 till about 
7^- y* 

wt = ( WWteriEga-) V The current thereafter decreases and 
reaches zero value and the devices stop conducting',' The 
zero current interval prevails till wt = a + rr v/here T3 
is triggered and the cycle rejsts. No free-wheeling occurs 
as the firing angle is less than Tr/3, 

Mode 4 ; Pig'.' 3',2(g), Discontinuous conduction with 

r < 0. < 7 t/3 

In this mode the current goes to zero twice between 
successive firing of t'nyristors',' At wt = (c; + ti/3), T1 
is gated'.' As the input goltage is greater th^ the back 
emfy T1 starts to conduct along with D6'.' The current 
increases till about (2x1/3 - after v/hich the current 

decreases and falls to zero value'. Zero current interval pre- 
vails till (r + 7 t/ 3)^ after which due to the presence of gat- 
ing pulses at Tl, it starts conducting alongivith D2'.' The 
current increases till about (xr - and decreases hence- 
forth till it reaches zero current value and the devices stop 
conducting'.' This conduction prevails till (a + xr), where 
t 3 is triggered and the cycJe repeats',' 
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Mode 5; (Fig'* 3, 2(h)) Discontinuous Conduction 
with T < a < n/3 

In this mode the current again gDes to zero twice 
between two successive firing of thyristors',' At wt = Ca+n/S), 
Tl is triggered which starts to conduct alongwith D6* The 
current rises till wt = (27t/3 — Y) after which it decreases 
till at wt = 2n/3, diode D2 takes over conduction’.' As 
the input voltage is still less than the back emf the 
current further decreases and reaches zero value v/here the 
devices stop conducting,' This zero current interval remains 
till wt = (T + 2x1/3), vxhere due to the presence of gate pulses 
at Tl/ it starts conducting again along with diode D2',' 

The current increases till about wt = (tt - /) , The current 
then decreases again and reaches zero value’,' The zero current 
inteirval prevails till wt = Ci + tT/ "vhen thyristor T3 is 
triggered’,’ 

Mode 6 ; <J'ig', 3’,'2 (i) ) Discontinuous Conduction with 
(71/3 - T) < < (r + 7T/3) 

This mode is similar to Mode 3'.' If c is greater than 
(7i/3 - r) and less than (T + 7t/3) and if no current is 
present ut the instant of triggering, the devices do not 
conduct immediately. Duo to the presence of long pulses, 
conduction starts at wt = (/ + 2 tc/ 3) , The current increases 
from this instant onwards till vjt = (iTi/i - '^) and then 
decreases till it reaches zero value and the devices stop 
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conducting the zero current interval in this mode would 
prevail till wt = (47r/3 + r) vdiere the next set of devices 
take over'. 

Mode 7 : Fig'.' 3.2(j) Discontinuous conduction with 
C. > TI/3 but 3 < TT 

In this mode the firing angle a is greater than 7t/3 
but as the armature current reaches zero value before 
free-wheeling action can take place^ this mode is similar to 
mode 3',' At wt = (c + n/3) thyristor Tl is triggered which 
starts conducting along v;ith diode D2. The current rises 
till wt = (it - y) and thereafter decreases till zero value 
is reachedV In this mode angle 3 at which current falls to 
zero value is less than 7 i'.' At wt = (ci + tt) thyristor T3 is 
triggered and the cycle rej©.ts • 

Mode 8 ; Fig 3. 2 (k) Discontinuous conduction with 

a, >- n/3 and 3 > tt 

In this mode discontinuous conduction takes place with 
ci > ti/ 3^ At wt = c + Tr/3y thyristor Tl is triggered. It 
starts to conduct along v/ith diode D2. As the input 
voltage is greater than the back emf^ the current rises till 
about wt = (tt — '5") after which it decreases till at v/t = 47t/3 
when diode D4 takes over conduction from D2. Due to the 
simultaneous conduction of devices Tl and D4, free-wheeling 
action occurs'.: This is to say the current circulates within 
a loop formed by these devices and the motor'.' This curren-’- 
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graudually decays and zero current is reached whore the 
devices stop conducting'.' The zero current interval pre- 
vails till wt = (c + k) v/here thyristor T3 is triggered 
and the cycle repeats'.' 

3.1 (b) Fully Controlled Operation 

Mode 1 ; Fig'.' 3',3(a) Continuous Conduction 
In this node the current is continuous and as the 
bach emf does not appear as a reverse bias across the 
thryristors/ they can bo triggered at any instant. At 
wt = (c + n/3), T1 is gated and it takes over conduction 
from T5'.; The devices which conduct areTl and T6. If 
G is greater thanT^the current rises till a little before 
(2k/3 - 7) and decreases henceforth till at wt = a + 2ti/3^ 

T2 is gated and it takes over conduction from T6'.' The 
devices vyhich conduct are T1 and T2 and the cycle repeats.. 

If G is less than 7, when Tl is triggered, it takes over 
conduction from T5, but since the input voltage is less than 
the back emf the current continues to decrease till a 
little after wt=7 + Tr/3',' The current increases thereafter 
till the input voltage is greater than the back emf of the 
motor, decreases henceforth till at \-Jt = g + 27t/3, when 
thyristor T2 is gated, whicdi takes ever conduction from T6 and 
the cycle repeat s',' 
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Mode 2 ; FigV 3V3(b)^ 3','3(c) Discontinuous conduction 

vjith a. < 7 

In this mode^ the current is discontinuous , but the 
extinction angle lies between u and 7", Since armature 
current is present at the instant of triggering, the 
fired thyristor will take over conduction. If thyristor 
T1 is triggered at Ci + n/3, it takes over conduction from 
T5,' As the input voltage is less than the tack emf, the 
current decreases and reaches zero vaOuel' The zero current 
interval prevails till wt = 7 + Tr/3 where due to long pulses 
present the same sot of thyristors Tl and T2 start conducting 
again'i' The current rises from zero value, reaches a maximum 
at about wt = 27r/3 - 7, and start decreasing thereafter till 
at G + 2Tr/3 when T2 is triggered and takes over conduction 
fran T6V The cycle repeats'.' 

Mode 3 ; Fig', 3'3(d) Discontinuous conduction with c ^ 7 

In this mode, the earliest instant at which the thyris- 
tor Tl can be triggered is at vrt = 7 + n/3. With c > 7, 
when Tl is fired at wt = G + 7t/3, it will take over conduction 
along v/ith T6 which was also receiving gate jxalses. This is 
so because the input voltage is greater than the back emf at 
the instant of firing the thyristors. The current rises till 
about v/t = 27t/3 — 7, decreases henceforth till it reaches 
a zero value and the thyristors are cut off',' The zero current 
interval prevails till at wt = cc + 2 Tr/3 when T2 is triggered 
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and since Tl is alxeady getting gate pulses at this instant, 
Tl and T2 conduct . 

3 ■.'2 PERFCRMTiNCE EOlP^TIONS 
It is assuned that 

(a) the thyristors and diodes are ideal switches 

(b) the resistances and indutance of the motor 
aignature axe constant 

(c) the commutation overlap duo to source inductance 
is negligible 

(d) during the given steady state condition, the 
motor speed is constant* 

(e) the gate pulses are of 2 jt/ 3 radians duration '• 

FigV 3,i shows the basic circuit for the three 

phase converter controlled, separately excited d'2a '* 
motor V The performance equations lander different operat- 
ing conditions are given below,' 

3','2(a) Fully Controlled Operation 

Mode 1; (Fig',' 3','3(a))Cont inuous Conduction 

The equation governing the system operation is: 
di 

L + R i + E , = E sin wt (G+Tr/3)<wt<(c4-27T/3) 

a dt a a d mi — 

(3';-i) 

Solving (3',1) with the condition that 

ia(wt) = 0 4- 7r/3 ~ -^wt = c 4- 27 t/3 
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we get 

E ^ . f r>i\ ~cot . E, 

laCwt) = ^ [sta(wt - 0) - 2i2lS ^tgbr0(H/3) — 


1 - e 


(3;-2) 

3E 

Taking the base value of as normalised Eqn. 

a ttR^ 

a. 

(3 '.'2) is given by 

TT (r,\ ^“Cot 0(wt— a-Tr/3) 

i (wt) = 2 cos 0 [sin (wt-0) - — ^]- m 


1 - e 


(3, -3) 


Mode 2 ; Fig,' 3','3(b) Discontinuous Conduction with a < 7 
The system ops ration is described by the following 


equations : 


T 

a — ~ + i^R^ + E, = E sin wt T + 7t/3 < wt < g + 2Tr/3 
dt a a d m _ — 


(3-.4) 


+ i^R^ + E , = E sin(wt - 7r/3) .;:+27i/3 <. wt + n/3 


(3T5) 


Solving (3V4) and (3,5) with the condition that 

= r + n/3 = ° 

we get the normalised solution as 


i^(wt) 


~ cos 0[sin(wt - 0) - sin (7 + jt/3 
^-cot 0 (wt - 7 - 71/3)] 

- WN [l - 0 (wt - r - n/3)] 


(7 + 7T/3)< VTt < (a + 27T/3) 


f S -S") 



25 


in^^) “ ^ cos 0[sin(wt - 7r/3 - 0) ~ sjLn(a-0) 

-cot 0 (wt — c - 2k/3) 


sini7 + 7t/3 - 0) G 


-cot 0(wt - 7 - Tr/3j 


IW [l - e “ ^ ^ 


(c + 2n/3) < wt < (13 + 71/3) 


( 3^7 ) 


Mode 3 ; Fig',' 3', 3(d) Discontinuous conduction with a>7 
ThG system operation, is described by 


b — ~ + i R 4- = E sin wt 

a dt a a d m 


c + 7r/3 < wt < p + Tr/3 


(3.8) 


Solving (3','8) with the condiitlon that 


= a + n/3 = 0 


we got the normalised solution as 


i (wt) = ” cos 0 [sin(wt - 0) 
n 3 


sin (o + Tr/3 — 0) e 


—cot (wt - a — 7t/3) 


Tt -cot 0 (wt - a - 7i/3)i 
— WN Ll — c J 


c; + Tr/3 < wt < ^ + 7i/3 


(3 -.9) 
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3, 2(b) Half Controlled Operation 

Mode 1; Continuous Conduction ' 

(a) G < 7 t/ 3 (Figs'. 3,2 (a) and (b)) 

The system operation is described by 
di 

L — ^ + i^R + E, = E sin wt 
a dt a a d m 

(g + 7t/ 3) < wt < ;2Tr/3.,, (3V10) 

'^ia 

27t/3 < '\>it < (g + tt) (3, 'll) 

Solving (3,10) and (3,11) with the conditlcai that. 

ia(wt) = G 4- 7 t/3 “ = G + 7T 


v/e get the normalised current solution as : 

i (wt) = “ cos 0 [sin(wt -0) 
n 3 


+ sin 0 e 


'COt 0(v/t) 


- sin(a-0) 


-cot 0(wt 


a 


7T/3) 


1 - e 


-cot 0 (2Tr/3) 


]-WN 


(g + 7t/ 3) < Wt < 2 k/3 


( 3 -. 12 ) 


i (wt) = 5 cos 0 [sin(wt - 7 t/3 - 0) 


+ sin 0 e 


-cot 0 il'Tt — 27I/3) 


1 - e 


• fr^ rA\ -cot 0(wt-G-Tr/3) 
sxn(G-0)e 1 t-ttt 

-cot IZ) ^.JlA) 


2h/ 3 < wt < (g + tt) 


(3a3) 
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(b) cc > tt/ 3 (Fig. 3-,2(c)) 

The system operation is described by the following 
equations s 

”dt" + ^d " (wt “ h/3) 


:c 4- n/3 < wt < 4k/3 


(3 


di_ 


a 


4~ r F 4“ S - 
dt a a d 


= 0 


47t/ 3 £ 'Wt < a 4- tt (3 

Solving those equations with the condition that 

i^(wt) = CX + 71/3 “ ^Wt = G 4- TT 

we get the normalised solution as given by (3','13) for 

(c 4- Tr/3) < wt < 47r/3 and 

rr ^71 ^”Cot 0 (wt - 47 t/3) 

• / - 1 . \ tt - rsin 0 e 

i^(wt) = ^ cos 0 L 


sin(G - 0) 


^“COt 0 (wt — c. - 7T/3) 


] / 


_ Q-cot 0 (271/3) J m 


.14) 


-.15) 


47t/ 3 < wt < CC 4- tt 


(3a6) 
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Mode 2 ; Fig, 3,2 (d) Discontinuous Conduction with a < 7 

The system operation is described by the equations : 
di 

"dT ^ (^+7 t/ 3) < wt < 27t/3 (3.17) 

di^ 

"dT Va ^d " \ sin(wt - k/3) 

2^/3 < wt < (c + 7 t) (3,18) 

di 

^a- d^ + ia\ ^d ^ " ^Tt/S) 

(g,+7t) < Wt < O + n/2>) (3 ',19) 

initial condition 


U = (r + „/3) = 0 
^n^^^ = ^ cos 0[sin(wt - 0) 

- sin(r+Tr/3 - 0) ^ - 

“ Wn[i - 

(r+7T/3) < wt < 2x1/3 (3, 20) 


i (wt) = — cos 0[sin(wt - xt/3 - 0) 
n -j 


+ sin 0 e 


-cot 0(wt - 2 x 1 / 3 ) 


- sin (/ + xr/3 - 0) e 


-cot 0(wt - 7 - Tr/3) 


] 


- WN [l - 0 (wt - r - n/ 3 )j 


2xt/3 <■ wt < (c + xrl 


(3.21) 
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cos 0[sin(wt - 2Tr/3 - 0) 

+ Bin 0 - sin(a-0)e‘"'"°^ 0(vvt-c-K) 

- sin(r + n/3 - 0) " ^ " 

- wn[i - - r + 7t/3)j 

(g + jt) < V7t < (3 + 7 t/3) {3','22) 


Mode 3 ; FigV 3';'2(f) Discontinuous Conduction with G < n/3 
and a > 7 

The system operation is discussed by: 
di 

L prr~ + i,R + E , = E sin wt g + 7r/3 < wt < 2Tr/3 (3',‘23) 

a. at:, 3 l 3 d m — 

La -at + + ^a = 

27t/3 2. 'Wt ^ O + 7I/3) (3,24) 

initial condition: 

i L ^ . ^/-3 — 0 

3. wt = Ci + 3t/ 3 

Solving (3','23) and (3V24) with the aboe condition wo get 
i (wt) = — cos 0[sin(wt - 0) 

. -3 

. , -cot 0(wt - G - 71/3) -| 

- SXn(G + 71/3 - 0) 3E G ' j 

- WN [l - e~^°^ 

G + 7t/3 < wt < 27t/3 (3 , '2 5) 
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= § cos 0[sin(wt - tf/3 - 0) 

+ sin 0 

- sin(cc + 71/3 - 0) 0(wt - c - 7r/3)j 

- mil - ^ 


2Tr/3 < wt <; (^ + 7 t/3) (3V26) 

Mode 4 ; Fig, 3, 2(g) Discontinuous Conduction with c < jt/ 3 
The system operation is described by; 

ar- + 

(g + Tr/3) < wt < + 7 i/3) (3V27) 

^a — + "^a^a ^ ^d 


(r + 27T/3) < wt < O 2 + ^/3) C3V28) 

initial conditions 


i^(wt) = a + Tr/3 ^ 


i, (v/t) [ 


wt = 7 + 27 t/3 


= 0 


Solving (3, '27) and (3V28) with the above conditions the 
solution is given by (3','25) for (a + 7 t/ 3) < wt < (0^^ + 7 t/3) 
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and 


i (wt) = ~ cos 0[sin(wt. - tc/3 — 0) 


n 


- sin (')' + 7r/3 - 0) e 


-cot 0(wt - 7 - 2n/3) 


] 


- mi [l - ‘ ^ " 271/3 )j 

(7 + 27T/3) < wt 5 (02 + t/3) (; 

Mode 5 ; FigV 2(k) Discontinuous Conduction with, 
c: < Tr/3 and a > 7 

The system operation is described by; 


c + n/3 < wt < 27 t/3 


{: 


^a “ + Va + ^d = 


di. 


2h/ 3 < wt < (/3^ + Tr/3) 


L -r^ + = E sin(vTt - 7r/3) 

a dt a a d mi 


(: 


(7 + 2Tr/3) < wt < (^2 7t/3) 


initial conditions : 


i (wt) [ . ,_ = 0 

a ^wt = o + 71/3 


^wt = 7 + 2Tr/3 ^ ° 


V29) 


■.'30) 


■23L) 


(3.32) 
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Solving (3,30)/ (3, '31) and (3'.'32) vd.th the help of the 
above conditions the normalised solutions are given by 

(3, ’25) for (a + 7 t/ 3) < v/t < 27i/3 

(3 '.'26) for ( 27 i/ 3 ) < vrt: < + n/3) 

and (3, '29) for + 2jr/3) < wt < + h:/3) 

Mode 6 ; FigV 3,2 (i) Discontinuous Conduction with 
(7 t/ 3 -'5")<wt<(T + 71/3) 

The system operation is deseribed by 
dia 

^a ~ + "^a^a + ^d = 

(r + 277/3) < V7t < o + 71/3) (3V33) 

initial condition: 

fwt = r + 2n/3 = ° 

Solving (3','33) v/ith the above condition the solution is 
given by (3V29) for (7 + 2n/3) < wt < (3 + 7t/3) 

Mode 7 : FigV 3.2(j) Discontinuous with a > n/3 and 0 < n 
The system operation is described by 

3. cll:. cL a. d m 


(c + 77/3) < Wt < (3 + 77/3) 


initial condition: 

i,(wt)f 


wt = G + 77/3 


0 


(3. 34) 
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Solving (3'*34) with the above condition we get: 


i^(v^) = ^ cos 0[sin (wt - 7 t/3 - 0) 


- sin (a - 0) e 


-cot 0 (wt - G - Tr/3 ) 


- I4N [l - 


-cot 0(wt - G - Tr/3) 


(cc -t- Tr/3) wt ■^ (^ -i- tt/ 3 ) (3*35) 

Mode 8 ; Fig',' 3','2(k) Discontinuous Conduction with 
G > ti/3 and $ < n 

The system operation is described by 


r ^ i R + E , = sinCwt - 71/3) 

a dt a a d m. 


(g -f 7r/3) < wt < (47 t/3) 


di 

L — ^ = i R -f E , = 0 4Tr/3 <- wt <■ (/3 + Tr/3) 

a dt a a d _ — 


(3-.'36) 


(3.37) 


initial condition; 


i^(wt) = ci -r- Tr/3 


solving (3.36) and (3.37) with the above condition the 
solution is given by (3'.'35) for (g -t- tt/3) < wt < 4n/3 


jT /if • /Ti “Cot 0 (wt 47T/3) 

i (wt) = “ cos 0Lsxn 0 e 
n s 


sin(G - 0) e 


-cot 0(wt - G - 7T/3) 


- wn[i - 


4Tr/3 < wt < O •+ 7r/3) 


(3.38) 
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3 .3 BOUim'iRY BET^.>fEEN CONTINUOUS r)M3 DISCONTINUOUS CONDUCTION 
For a particular phase angle and given firing angle 
the critical speed TWC, representing the boundary between 
continuous and discontinuous condition/ is obtained by 
letting the conduction period to be Tr/3 for fully con- 
trolled operation and 2ji/3 for half cort rolled opa ration. 

The expressions representing critical conditions are as 
given below'. The critical torque/ below vdiich discontinuous 
conduction takes place is also given 
3. '3 (a) Fully Controlled Operaticn 
Mode 2 t 

The critical speed for a < 7 is obtained by letting 

Iwt = r + 2,1/3 = ° 

Thus 


WNC = ^ cos 0[sin (“X + 71/2 - 0) 


sin(a 

1 


- 0 ) 

-cot 0(7t/3) 

— e 


] 


(3'.39(a)) 


also 


WNC = ^ sin {7 + 11/3) 


(3.39(b)) 


TNC = cos a - WNC 


(3.40) 
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Mode 3 ; 


The critical speed for a > '>' is obtained by letting 


l-wt = c + 2 h/3 = ° 


WNC = “ cos 0 [sinCc. + n/3 — 0) 


— sin(c + n/3 — 0) c 


-cot 0(7r/3) J^|-j^__^-COt 0(7T/3 )j 


{3V41.) 

The critical torque is given by (3V40) 

313 (b) Half Controlled Operation 

Mode 2 : The critical speed for c < T is calculated by letting 


i^(wt) 1 ^ . = 0 in (3.-22) giving 

a • Wt = ( 7 + TT ) 


WNC j= “ cos 0[sin(7 + n/3 — 0) 

sin 0 0(W3) - 3in(n-0h-‘^°*^ 

+ -cot 0 wTr ^ • 

1 - e 


WNC = ^ sin (7 + te/3) 


(3.42(b) ) 


TWC = - - WNC 


(3.43) 


Mo^_3j The critical speed for a > 7 and c < n/3 is 
obtained by letting 


l-wt=ci + 7i = °“ 
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thus^ 

KWC = ” cos 0 [sin(c + 271/3 - 0) + 

sin 0 

- sln(a + n/3 - 0) <2ir/3)]/[-^_^-oot 0(2n/3)] 




The c^^itical torque is given by (3 ,■43) 

Mode 8 i The critical torque for a > ti/3 is calculated by 
letting 


i-wt = a + r = °^ ' 

Which gives 

WNC = I cos 0 [sin 0 0(a - w/3) 

- sin (a ^ 0) 0(27i/3) _ ^-cot 0(2 h/3) 

(3V45) 

The critical torque is given by (3’,'43), 

Using these expressions, a set of boundaries for 
various values of 0 are computed as shoT.m in Fig',' 3','4', 
Area is the lef't of the boundary gives discontinuous con- 
duction,' These boundaries are used for choosing the value 
of filter Inductance with a viev'J to eliminate disconti- 
nuous conduction, as described later'.' 
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3,4 METHOD OF MODE SELECTION 

The mGthod of mode selection is given in the flow 
chart of Fig, X’,5(a), For a particular value of 0 and 
CL, we first find the critical speed as described in 
section 3. '3,' For the given value of speed WN, we find 
whether it is greater or less than the critical speed',' 

If liL'J is equal to WNC it signifies critical condition',' 

If I'VN is less than WNC, it signifies continuous conduc- 
tion,' For both these conditions Eqn',' (3','3) will give us 
the instantaneous values of armature current for wt = a+7i/3 
to wt = a + 2%/3, Similarly we get- the instantaneous 
value of the armature output voltage',' The average of 
the product of these two gives us the average power output'. 

To find the source current for half a cycle we have 
the following conditions : 

i (wt) = i (wt) for a+n/3 < wt < a+2n/3 

sn n — 

i (wt) = i (wt-7i/3) for a+2i /3 <. wt <- a + tt (3.'46) 
sn sn — — 

i (wt) = 0 for a+ir < wt < a+4n/3 

sn — — 

If, however, WN is greater than WNC, it signifies 
discontinuous conduction condition. At this stage we 
need to find if a is less than 7 or not'.' If a < “y it 
signifies operation under Mode 2 and Eqns',' (3'*6) and (3,7) 
give us the current values for ('>'+71/3) < 'wt < O+Tt/3)',' 
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From (|3+7 t/ 3) to (7+27i/3) we have i^(wt) = 0* 

The instantaneous values of ccaiverter output voltage 
is also obtained for the duration and the average power 
output is calculated'. The source current solution is 
also obtained as given in (3'.'46) with a = 7. 

If under discontinuous conduction, a is greater than 
7, the sarae operations are carried out as given above. 

The operation nov>r is under mode 3 and using Eqn. (3.9) 
we got ij^C'^'-d:) for a + k /3 < ^ + Tr/3 and i^(wt) = 0 

for 3- + 7 t/ 3 <- wt < a + 2Tr/3V The average output power is 
calculated similarly and the source current is obtained 
using Eqn'. (3.46)'.' 

3.4 (b) Half Controlled Operation 

The mode is selected under half controlled operation 
using the flow chart given in Fig',' 3','5(b)', For a parti- 
cular value of 0 and a, the critical speed is found as 
described in Section 3.3'.' For the given value of speed 
WN, 7 is calculated.' If { > .i -i- 

- ■ (X/3-r) < a < (7r/3+7) ■ (3.47) 

DW is comiearod with WNC', If WN > WTIC it means discontinuous 
conduction operation under Mode 6 and Eq", (3','29) gives 
the instantaneous value cf i^(wt) for (7 + 2n/3) 3C wt < 

(3 + 7t/3) and ±^(wt) = 0 for (3 + n/3) < wt < (7 + 47r/3).' 
The converter output voltage is obtained and the average 
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power output ±s calculated,' The source current Is given 
by: 

i_(wt) = i (v;t) (a + 271/3) < wt < (a + 47r/3) 

" " ” “ (3-.48) 

=0 Ca + 47t/ 3) < wt < (a + 57t/3) 

v/ith a = 7 in this case'. 

If IW <- WNC^ a is checked to sco if it is less than 
or greater than 7i/3',' If a < 7 t/ 3^ it implies continuous 
conduction and Eqns',' (3 ',12) and (3 ','13) give the armature 
current for wt = (a + 7t/3) to wt = (a + tt)'.' If a > Tr/3 
Eqns. (3','^3) and (3,16) provide the solution',' The source 
current is found- using (3,48 ) .' 

If, however, a is not within the range given by (3 ',47) 
and if WT > WlTC it is daecked to see if a >- 7r/3 or not'. 

If a < 7 i/ 3, a is again checked to see if a > 7 cr not,' 

If a < 7 it means discontinuous conduction under mode 2', 
and Eqns, (3','21) and (3,22) then give the solution for 
i^(wt) for (7 + 7t/ 3) < wt < (3 + 7i/3) and i^(wt) = 0 for 
(3 + Tr/3) < wt < (7 + 71 )',' The instaneous converter output 
voltage is calculated and the average power output is 
also calculated'.; Eqn',' (3,48) gives the source current 


with a = 7',' 
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If a >- 7 and a < 7 t/ 3^ is found using Eqni (3','25) 

at wt = 2n/3',' If i^CvTt) < 0 it means there is no current 
at wt = 2:1/3 and discontinuous conduction takes place lander 
Mode 4. Then/ Eqnsv (3,25) and (3,'29) give the solution 
with i^(wt) = 0 for (/3j^ + n/3) « v/t < (7 + 27r/3) and for 
(^ 2 ^ + Tr/3) < vrt < (a + rr) , Eqn.' (3'.'48) gives the source 
current 

If i^(wt) at vTt = 27 i/ 3 using EqnV (3,25) is greater 

than zero, i^(wt) is diected at wt = 7 + 2:1/3 using Eqn. 

(3‘,‘26)V If ij^(wt) < 0 it implies discontinuous conduction 

under Mode 5 and EqnsV (3','25)/ (3V26) and (3','29) j^fovldo 

the solution within the prescribed limits and i (wt) = 0 

n 

for On + t:/3) < wt < (7 + 2Tr/3) and for O + ti/ 3) < vrt: 

< (a + n) ,' Eqn. (3',48) gives the sizrce current'. 

However^ if ij^(wt) > 0 at wt = 7 + 2n/3^ in Eqn. (3,26) 
it implies discontinuous conduction under Mode 3 and Eqns'.' 
(3,25) and (3",'26) give the solution for (a + n/3) ^ wt <0 +jt/ 3) 
and i- (wt) = 0 for (p + n/3) < wt < (a + rr)'* The source 

Hi 

current is found using Eqn, 3,48',' The instantaa eous 
values of cohverter output voltage is also calculated'.' 

The above discontinuous conduction modes are with 
a < ti/3'.' If a > 71/3 and VJN > WNC, i^Cvrt) is found at 
wt = 4n/3 using Eqn'. (3'.'35)'.' If i^(vrt:) > 0 it means operat- 
ion Tinder Mode 8 whore Eqns'.' (3 ','35) and (3, '38) give the 
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solution for arraaturo current'. If i (wt) < 0 it means 

n 

operation under Mode 7 and Eqn. (3V35) gives the solu- 
tion', Eqn, (3, '48) gives the source current The con- 
vertor output voltage for this range is found',' 

3 '.5 PERFORI^IAHCE CO^iPUTATIONS 

3,5 ( a ) Speed-Torgue Characteristics 

For particular values of 0 and a, depanding upon the 
speed the system operates under a certain mode',' The 
mode is selected in accordance with the method described 
in Section 3 ','4,' The instantaneous values of armature 
current is determined. 

The average of the armature c;arrent is found out numeri- 
cally Under normalised conditions^ the torque is equal 
to the average armature current',' Thus for a given speed 
we can get the torque TN',' 

The flovz-chart given in Fig,' 3,6 is used to determine 
the sxoeed torque characteristics for different phase angle 
values over the whole oparding range',' 

Fig',' 3,7 shows the speed-torque curves for different 
values of 0',' These curves can be directly used to deter- 
mine the speed torque characteristics for any motor, as they 
are plotted on normalised axes',' 

CEMTP;,-. ■. ’ '^^ARY 

-or'.- ■‘" 826 -»V" 
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3 5 (b ) L oad Cur rent 

The load current ripple is defined by the following 
equation : 

i - i_ . 

. , ^ max mxn 

RiXDple factor = Rt = - a — ^ o,4y; 


So long as the load current is continuous, the 


current rijpplo is independant of the variat ion in the 
motor back emf The change in the back emf affects only 
the d.cV component of load current. 

For particular values of 0 and <x, the instantaneous 
current values are cc«Tiputed, (as described in Section 3,4) 
for a value of speed, chosen to ensure continuous conduction. 
The maximum and minimum current values arc noted and the 
ripple factor found.' This operation is carried over the 
full operating range for a particular value of 0. The 
maximum ripple factor is thus determined'^ 

Fig'.' 3',8 shows a flov/ chart for computations of 
maximum ripple factor for different values of 0. Fig. 

3 ,9 shows the variation of the maximum ripple factor with 
different values of 0, This can be directly used to 
determine the maximum ripple factor for any motor. 


3'.'5(c) Power-Factor 

The pov/er factor for converter fed drives is defined 
by the following equation: 
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Power-factor = PF = 


Volt ampere input 


input power 

anns input voltage x rms 


source 
current 


(3. 30) 

As the devices are assumed to be ideals the input 
power is equal to the output power of the converter'. 

For particular values of 0 and depending upon the 
value of speed WN/ the mode of operation is determined as 
described in Section 3,4, The instantaneous values cf 
armature current, source current and the converter output 
voltage determined. The average of the product of 
the armature current and converter voltage output is 
computed using naamerical techniques , This gives the 
average power output of the converter which is equal to 
the input power to the converter." The rms value of the 
source current is also ccmputed"." The line to line norma- 
lised rms voltage is given by 7 t/ 3V2 and the apparent 
pov/er is given by the following equation; 


Api^arent power = Vd X — ^ ^ ^rms 

3 ^^ 2 


71 X i. 


ve 


rms 


(3.51) 


Thus having computed the input real and apparent power 
the power factor can bo calculated using Eqn'.' (3 ".50). 
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The flow-chart shown in Fig',' 3'i'6, is used for the 

computations of power factor'.' Fig'.' 3'.'10 shows the 

power-factor variation with 0 = The same approach 

can bo easily extended for any desired phase angle value'.' 

3','5(d) Distortion-Factor and Harmonic Contents in Source 
Current 

The line current distortion factor is defined by 


distortion factor = DF = fgS ., .^a].ue ., of fundament ccraponer.t 

ms value of Ixne current 


The rms value of the n harmonic is given by: 
XI hamonic rms '' 


(3-;52) 


(3'.'53) 


where 

• 71 

a =2 / i (wt) cosnwt dwt (3','54) 

Eli 2 Q n 

-TT 

b = ^ / i (wt) sinnwt dwt (3';'55) 

m 2 --Q n , 

For particular values of 0 and a the mode is iden- 
tified for a given WN'«' The instantaneous source current 
values are competed (as described in Section 3','4)'.' Using 
Eqiis'.' (3.'53>,(3'.'54)and (3755) the fundamerial component 
and the different hamonics are calculated using numerical 
integration'. The ms value of the source current is also 
computed'.' Using Eqnl' C3'.'52) the distortion factor is 
calculated',1 Flow chairt for calculation cf distortion 
factor is given in Fig'.' 3,6, 
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Fig* 3,11 shows the distortion factor variation with 
load current for 0 = 1,4'. FigV 3',12 shows the different 
harinonic contents in the source current 4 The same approach 
c^n be easily extended for any desired phase angle value'* 
The harmonic spectra for three-phase half controlled con- 
verter/ under constant load conditions is given by Moltgen 
[ 9 ]-.- 

3.6 CHOICE OF FILTER INDUCTANCE 

The filter inductance is chosen such that the motor 
current is continuous at all speeds and loads at which it 
may operate'. Since discontinuous conduction occurs' at 
light loadS/ if continuous conduction is assured for 
minimum loads at various speeds, the load current will be 
continuous at all loads and speeds at which the motor may 
opera te'*' Therefore, fran load requirement for a particular 
application under consideration minimum values of developed 
torque are obtained for various speeds and tre superposed 
on the curves of Figs',' 3','4Ca) and 3'*4(b) . This is shown 
by chain dotted line'* The filter iniictor is chosen such 
that the boundary between continuous and discontinuous 
conduction falls to the left of this curve',' In case 
the motor is likely to o^ate under no load, viscous and 
coulomb friction will provide the minimum load'. Once 
the continuity of motor current is ensured the current 
ripple is calculated',' 
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Since we knew the motor armature resistance and 
inductance/ we can calculate the extra inductance needed 
to avoid discontinuous conduction'. If, however, the 
current ripple is not within permissible limits, a 
higher value of induct aice is chosen 
Example 

It is required to choose a filler inductance for a 
3 HP, separately excited d'iS,' motor, whose specifications 
are given in Appendix'.' It is desired that the dis- 
continuity in current be completely eliminated and the 
maximum current ripple be within 5 percent'! The minimum 
load on the motor is assured to be 20 percent of the full 
load torque',' 

The chain dotted curve in Figs',' 3','4(a) and (b) is 
the Speed versus minimum load on the motor which ird-udes 
a 20 percent of full load torque on the motor shaft 
and the coulon b and viscous friction lasses'! Since 
the discontinuity of armature current has to be completely 
eliminated, the filter inductance has to be chosen such 
that the boundary between continuous and discontinuous 
currents lies to bo left of the chain dotted curve! 

Thus for fully controlled converter driven motor, from 
Fig! 3 ■,■ 4 (a) the armature circuit specification is given by: 

0 = i.24- 
i • e • ^ - 2. 7" 
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From FigV 3VS(a) the corresponding maximum current 
ripple is given by, 

CR = ^ ^ 

which is well within the permissible limit V Thus 
extern^-l inductance to be added = i tcvH 

For half controlled convertor driven motor, 
from FigV 3V4(b) 

^ = \ ■ 4-2 

La 

iVeV ~ Yf\s 

Frcm FigV 3V9(b), the corresponding maximum current 
is given by 

CR = 2 . B Vo 

V 7 hich is V7ell within the permissible limit V Thust 
the external inductance to be inserted = 24'-6rNww 

The inductance required for half controlled con- 
verter to achieve same performance objective relating 
to continuous conduction and current ripple is more 
ccatpared to that needed by fully controlled converter'.' 
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Fig.' 3','5(a): Flow chart to identify the mode of operation 
for full controlled operation. 






Fig'.' 3'.'5(b) (continued) 




Fig-; 3;5(b)j Flow cihart for identification of mode under 
half controlled operation. 
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CI-IAPTER IV 

EXI^ERlMENm INVESTIGATION 

4.1 THE FIRING CIRCUIT ( 3> - ^ 

Ihu firing circuit has been developed for both open 
and cl(..sed loop operation. It can be used in the closed 
loi-ip •jClioriK, xor half and full controlled operation! The 
£irln<j‘ ochv'rtK. is built such that the output voltageof the 
(X.»nvt.x tui'# uiivkjr continuous current operation# will be 
dixvjctly px\i| >ortit aial to the control voltage! 

t'iK,' blvK:k diagrv^xi of the firing scheme is shown 
in i'Mg. 'l.l. 'I'ho corresponding circuit diagram is shown 
in Fig. 4.2, The waveforms at the various stages are 
t!lu)wn ill Fig, 4,3, The i^rinciple of operation is described 

Tix; synchronising input A is integrated to get a 
cosine wave B, This cosine wave is added to pulses G and 
H to get a cosine wave saturated at the peaks! This 
avoids instability in case the input a!c! voltage decreases 
arid ct is near 0 or ji. The resultant cosine wave I is level 
shifted to get waveform I* with f(a) = (1 + cos a). The 
wave I is cumpirod with J to get tie value of a for a fully 
oontroiled env^rter and I* la compared with J* to get 

£i 'ItjT d hall controlled converter. The value of c, thus 
ohtainod yivQS a converter output voltage proportion! 

to the reference d.c. voltage. 
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n ycJi'ct ijwitch is provided to select between half 
and 1 ully-c untrolled Oi^eration.' A high select input 
blocks the output of the comparator for half controlled 
oi..fOrativ3n '•ind wo got the output of the other ccwparator'i' 
i'vjv/ •K^cileet m^)Ut on the other hand gives ct for half 
Cl ,>nt ri dlei I u^ oration* 

'Pho ct, irtir‘>-rat<.ir output K or K* triggers a JK so ttet 
tin,; h.ili. cycles are of equal width* The frequency 

vd tin- uut-put: uj, the JK flip flop L, is half the supply 
irequcncy* L is iod as a synchronising input to a 
•plnisu Locked Loop** The PLL has in its feed back path a 
•divide by 12 N* counter. N is l<E:pt high to reduce phase 
orri.,jri;. Ity having a ‘divide by 12N* courier in the feed- 
back tin: (.aitiaat of the PLL has a frequency of 6Nfi The 
PLL uuti>ut is fed into a • comter which is syn- 

chronised with L by rose ting it with the help of a mono- 
stable* Thv. output of the counter thtshas a frequency 
of synchronised with L as shown by M. L is again used 

tcj tri<iger a monostable which has a pulse width of appresx- 
Unately 5 ms shown by N. M is fed as the clock input and 
N as the serial input for a a-bit ^ift register. By 
oniiuriny N to be of alxiut 5 ms we have the outputs of 
the- Shift register to ho of 120° pulse width and each 
shifted by 60^ from the other. 
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CONCLUS IONS 


The modes of operation identified, for Mf and f Tally 
controlled three phase converted-fed dVc"." separately excited 
motor, is used to analyse the drive accurately',' With the 
help of those modes of operation the speed-torque charac- 
teristic of the drive and the armature ripple content is 
calculated'.' The power factor distortion-factor and the 
different harmonic contents in the source current are also 
calculated. Using these, we can predict the performance 
of any three-phase converter-fed d.c',' seperately excited 
motor 

The method described here for the calcuJation of 
filter inductance which eliminates discontinuous conduc- 
tion and keeps the ripple within permissible limits can be 
used either for fully controlled or half cort rolled operation 
The monograms can be used for any motor as tl^ are gien 
in normalised variables.' This method eliminates disconti- 
nuous conduction and reduces ripple to prescribed value 
with., minimum adverse effect on. transient response. 
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APPENDIX 


Motor SpGcif ications : 2','2 KW 

220V arpe^ure voltage 
220V shunt field excitation 
11 '.e A armature current 
1500 rpn 

1V94 ohms, armature resistance 
L7'.'5 armatiare iiKiuctance 



